Previous studies have demonstrated independent effects of both solar ultraviolet radiation (UV; 280-400 nm) and planktivorous fish on the vertical distribution of Daphnia. We examined the behavioral response of adult and juvenile Daphnia to both UV and planktivorous fish simultaneously in a small temperate lake in eastern Pennsylvania by conducting a large-scale (15 m deep) in situ mesocosm experiment with full factorial treatments (6 UV and 6 fish). UV induced an avoidance of the surface waters in both juvenile and adult Daphnia. In contrast, the response of Daphnia to fish depended on the presence of UV, with a clear interactive effect. In the presence of both UV and fish, Daphnia were deeper in the water column than they were in the absence of either UV or fish. Sampling of the lake also revealed a rapid upward shift in the depth distribution of both juveniles and adults following a rare and intense early-summer storm that reduced the lake's transparency to both UV (for example, 380 nm UV-A) and photosynthetically active radiation (400-700 nm) by 44% and 39%, respectively. Evidence of a novel benefit to UV avoidance behavior was also observed: surface avoidance of UV reduces the hazards of Daphnia getting caught in the surface air-water interface and perishing. These results highlight the interactive effects of fish and UV on Daphnia vertical distribution under near-natural conditions in situ.
Diel vertical migration (DVM) of zooplankton is a global phenomenon and may represent the largest daily movement of biomass on the planet (Hays 2003) . The changes in spatial and temporal distribution of zooplankton that result from DVM can, in turn, have profound effects on ecosystem structure and function. Multiple factors including temperature, food quality and availability, predators, and solar radiation have been shown to influence the presence and amplitude of DVM and the vertical distribution of zooplankton within the water column (Lampert 2011; Williamson et al. 2011) . While many hypotheses have been proposed to explain zooplankton DVM, predation is thought to be the driving force in most systems (Lampert 1989; Hays 2003) .
The predator avoidance hypothesis is supported by evidence that zooplankton migrate in response to the presence of planktivorous fish (Zaret and Suffern 1976) . The hypothesis argues that zooplankton reduce lightdependent visual predation risk by avoiding the surface waters during the day. Daphnia are particularly strong vertical migrators, an important component of freshwater zooplankton communities, and vulnerable to predation. Daphnia have been shown to exhibit a number of responses to predator kairomones, including behavioral, morphological, and life-history traits (Lass and Spaak 2003) . When exposed to high concentrations of kairomones in the presence of light, Daphnia exhibit a vertical migration avoidance response (Larsson and Dodson 1993) .
In lakes and oceans with more transparent waters, solar ultraviolet radiation (UV) may be more important than predation in inducing DVM in zooplankton (Lampert 2011; Williamson et al. 2011) . UV is mutagenic, carcinogenic, and can be lethal to zooplankton with as little as a single day of exposure to solar UV . Daphnia are negatively phototactic to UV wavelengths (Storz and Paul 1998) . Previous studies have demonstrated that Daphnia behaviorally avoid UV in both small-scale columns (Rhode et al. 2001; Hansson and Hylander 2009) and in situ experiments with natural solar UV (Leech and Williamson 2001) . The UV avoidance observed in these smaller-scale experiments has been confirmed by largerscale in situ mesocosm experiments (Fischer et al. 2006) , and comparative studies of zooplankton vertical distribution across multiple lakes of differing transparencies (Alonso et al. 2004; Leech et al. 2005) . These prior studies highlight the potential for UV to play an important role in regulating the daytime vertical distribution of Daphnia within the water column.
While authors have discussed how downward migration of zooplankton during the day may be induced by either avoidance of UV damage or visual predators, to our knowledge only one prior study experimentally manipulated UV and predation simultaneously. This study examined the vertical distribution response of Daphnia longispina to UV (natural solar augmented with UV-A lamps, vs. UV-shielded treatments) and fish (caged to prevent direct consumption of zooplankton) with a full factorial design in small (1 m deep) land-based columns . Daphnia exhibited significantly deeper distributions in UV treatments compared with treatments with only visible light, while the response of Daphnia to fish was size dependent. Specifically, caged fish induced changes in the size structure of Daphnia such that smaller individuals (, 0.8 mm) were more abundant in the surface waters and larger individuals more abundant in deeper waters.
Does UV have stronger effects on the depth distribution of Daphnia than planktivorous fish? The result of experiments in small, ex situ mesocosms suggests that UV may be a more important regulator of the vertical distribution of Daphnia than planktivorous fish, although the spatial scale of these studies limits their applicability to natural systems. The transparency regulator hypothesis suggests that in more transparent systems UV may be more important than fish predation risk in regulating the vertical distribution of Daphnia (Williamson et al. 2011) . To test this hypothesis under more realistic conditions, we experimentally manipulated UV and planktivorous fish (Lepomis macrochirus) in 15 m deep in situ mesocosms to simultaneously examine the relative importance of UV and fish in regulating the vertical distribution of Daphnia within the water column. The experimental design included the potential for additive or synergistic effects, where in the presence of both UV and fish Daphnia are deeper than when only one of these treatments is present. Based on the findings of Hansson and Hylander (2009) , we predicted that in our transparent study lake, adult and juvenile Daphnia would be more responsive to natural solar UV than to fish, and juvenile Daphnia would be relatively more abundant in the surface waters than larger adult Daphnia in the presence of fish.
In addition, we examined the effects of a rare major summer rain event on the vertical distribution of the Daphnia population in Lake Giles. Major storms have the potential to alter important drivers of DVM such as UV, fish predation, temperature, and food resources (Williamson et al. 2011) . The direction of change in distribution in response to severe storms will depend on how these drivers are affected. For example, reductions in transparency or fish predation will stimulate a shallower distribution, whereas vertical changes in food resources and temperature structure may stimulate Daphnia to occupy depths better for growth and reproduction.
Methods
We conducted a mesocosm experiment in Lake Giles, Pennsylvania, close to summer solstice in 2006 (22-29 June) to test the effects of UV and fish on the daytime vertical distribution of juvenile and adult Daphnia. Lake Giles is located on the Pocono plateau in northeastern Pennsylvania, at an elevation of 428 m. The lake has a surface area of 48 ha, and mean and maximum depths of 10.1 m and 24 m, respectively (Fischer et al. 2006) . Because Lake Giles typically has a low dissolved organic carbon (DOC) concentration (, 1.5 mg L 21 ) and dissolved absorbance, it has a traditionally high transparency to both UV and photosynthetically active radiation (PAR; 400-700 nm), although the transparency of the lake has been declining in recent decades (Williamson and Neale 2009) .
The presence and absence of UV (UV+/UV2) and the presence and absence of fish (fish+/fish2) were factorially manipulated to produce four treatments (UV+fish+, UV2fish+, UV+fish2, UV2fish2), which were each replicated three times. Mesocosms were 15 m deep, 39 cm in diameter, with a total volume of , 1800 liters. They were constructed of either UV-transparent (Aclar) or UVblocking (Courtgard) plastic sheets. Aclar is a long-wavepass plastic, and measurements show that it transmits both PAR (100% of 400-700 nm in water) and most UV (98% of UVB 295-319 nm and 99% of UVA 320-399 nm). Courtgard is a long-wave-pass plastic that transmits PAR (95% of 400-800 nm in water) but blocks most UV (0% of UV-B 295-319 nm and 9% of UV-A 320-400 nm with a sharp wavelength cutoff and 50% transmittance at 400 nm in water) (Fischer et al. 2006) . We constructed mesocosm lids using Aclar and Courtgard for ambient UV and UVshielded treatments, respectively. UV transmittance characteristics of Aclar and Courtgard in air are similar to the values reported above for water; however, transmittance of PAR is slightly reduced in air (93% and 86% of 400-800 nm transmitted in air for Aclar and Courtgard, respectively).
Mesocosms were suspended from a floating polyvinyl chloride frame and connected to the south side of an eastwest-oriented modular dock platform to permit sampling and minimize dock shading. Lids sat , 15 cm above the top of the mesocosms. Small x-shaped incisions in each lid allowed us to sample the mesocosms without removing the lid (Fischer et al. 2006) . To prevent small amounts of unfiltered light from passing through the incisions between sampling events, we attached another sheet of Aclar or Courtgard, thus creating a flap over each sampling port. Fish treatments were placed nonadjacent to one another. Location of UV treatments was chosen randomly.
Mesocosms were filled with water pumped from a depth of 2 m in the lake and filtered through a 48 mm mesh to avoid stocking damaged zooplankton in the mesocosms. Daphnia were collected by gently towing a 363 mm mesh net from 0-15 m in Lake Giles. Collected Daphnia were distributed to the mesocosms in 500 mL aliquots to achieve a final density of 8.6 Daphnia L 21 . This density was comparable to field densities for Lake Giles and allowed us to track changes in vertical distribution; between two field samplings on 13-29 June, the density of Daphnia in Lake Giles averaged 5.6 L 21 . The large mesh enabled us to collect predominantly Daphnia species (dominated by Daphnia catawba). We focused on Daphnia because previous research indicates that they are UV-sensitive and highly vulnerable to fish predation (Williamson et al. 2011) . Mesocosms were filled and stocked 6 d prior to sampling so that kairomone effects on Daphnia that may be present in the lake at the time of water collection would dissipate in the mesocosms before sampling occurred (De Meester 1993) .
We used bluegill (Lepomis macrochirus) to represent fish predators in our experiment. In addition to being the dominant planktivore species in Lake Giles, bluegill have been shown to prey size-selectively on Daphnia (Threlkeld 1979) . Bluegill ranging in size from 55-75 mm (average total length, 61 mm) were collected with a beach seine and held in the presence of Daphnia prey for 24 h. In fish+ mesocosms, we suspended four caged bluegill at 4 m , 24 h prior to sampling. Previous research shows that 24 h is sufficient for kairomone cues to generate a response in Daphnia (De Meester 1993). Cages were used to restrict movement of the experimental fish to the epilimnion. Cylindrical cages were constructed of plastic garden fencing mesh (4.5 cm square holes), were 21 cm in diameter, and 30 cm long. This frame was wrapped with a finer 3.5 mm mesh, which was small enough to restrict bluegill but large enough to allow Daphnia to enter the cage. We deployed identical fishless cages in the fish-free mesocosms as controls.
The morning of sampling, mesocosm surfaces were skimmed with a small handheld net to remove debris and zooplankton that were stuck to the surface so as to avoid contaminating samples. We noted that especially in UV2 treatments a large number of Daphnia were found stuck to the surface. Immediately prior to sampling, cages were brought up to the surface at a slow rate to minimize water column disturbance. Caged fish were removed from the mesocosms and preserved in ethanol for later analysis of stomach contents. Sampling of the mesocosms occurred within around 1 h of solar noon (, 12:00 h to 14:00 h). Four teams each composed of two individuals used 5 liter Schindler-Patalas traps to collect samples from depths of 0.5, 1, 2, 3, 4, 5, 7, 9, 11, 13 m, and the bottom of the mesocosms (, 15 m). Teams collected samples from different treatments synchronously with other teams to avoid confounding treatment effects with sample collection time. Collected water was filtered through 48 mm mesh and preserved with ethanol for later enumeration of Daphnia, and a 100 mL water sample was collected from each depth for chlorophyll a analysis. Chlorophyll samples were filtered within 12 h of collection. Water was filtered through pre-ashed Whatman GF/F filters (effective pore size of 0.7 mm) and filters were folded, wrapped in foil, and frozen until analysis. Chlorophyll was extracted using an acetone-methanol mixture and the extract was clarified by centrifugation following the methods of Pechar (1987) . Chlorophyll a concentrations were determined fluorometrically after correcting for the presence of phaeopigments.
Daphnia were counted in all mesocosm samples and inlake samples (see below) under a dissecting microscope. In addition, individual size, from eye to end (tail spine not included), was measured for 30 randomly selected individuals per sample (or for all individuals when fewer than 30 were present). Individuals were separated into two categories: juvenile or adult. The smallest egg-bearing individual was measured as 0.88 mm in length. Individuals smaller than this size were scored as juveniles, and individuals larger than this size were scored as adults.
Underwater light profile data were collected in Lake Giles on the days of in-lake sampling (see below), mesocosm deployment, and mesocosm sampling with a Biospherical Instruments Cosine radiometer, which recorded irradiance at 305, 320, and 380 nm UV as well as PAR. The UV bands have a bandwidth of 8-10 nm measured as the full width at half maximum response (the range between the two wavelengths at which the response is 50% of the peak response).
To perform statistics and better understand mesocosm treatment effects, we separated the water column into three hypothetical layers. We expected that UV effects would be most likely to be observed in the surface layer, 0.5-2 m. We chose this depth range because research has shown that Daphnia are negatively phototactic to wavelengths shorter than 380 nm (Smith and Macagno 1990) . Solar radiation decays exponentially in water and in Lake Giles during this study at 2.15 m (the bottom of the sampling trap when sampling at 2 m) , 1% of 305 nm and 320 nm and , 10% of 380 nm UV remained. In contrast to UV, we expected that fish effects would be most likely observed in the middle layer 3-5 m, within 1 m of where cages were hung. We analyzed the remaining 7-13 m as the deep layer.
We performed statistical analyses using the R software package (http://www.r-project.org/). We used two-way analysis of variance tests (ANOVAs) to test for UV and fish treatment effects on the mean number of Daphnia retrieved from each treatment and mean chlorophyll a concentration. As counts varied among replicates and there was a significant difference in adults and juveniles among treatments, we used proportions to explore variation in the vertical structure of Daphnia among mesocosm treatments. Because the proportions of Daphnia present in the three layers are necessarily dependent (i.e., they must sum to 100%), separate layer-by-layer two-way ANOVA analyses of UV and fish effects would be inappropriate. Instead, we fit a generalized linear model that allowed us to consider the number of Daphnia in each of the three layers simultaneously. In particular, we created a log-linear quasi-Poisson regression model to understand how explanatory variables of the presence or absence of UV, the presence or absence of fish, and the layer (surface, middle, or deep) predict the number of Daphnia present. To ensure the numbers of Daphnia predicted in each layer of a given mesocosm sum to the correct total, the model includes an offset term representing the natural logarithm of the total number of Daphnia present in the mesocosm. Absorbing this offset term into the dependent variable (the raw count of Daphnia present), our model can be expressed in terms of the proportion, D i of Daphnia expected in each layer, where D i 5 the number of individuals divided by the total number of Daphnia in a given mesocosm. The quasi-Poisson regression model was given the following form: We used a quasi-Poisson regression model to account for slight overdispersion in our data, following Noe et al. (2010) . This model has a distribution similar to the Poisson but with an unrestricted variance.
In addition to our mesocosm experiment, we sampled Lake Giles to quantify the vertical distribution of Daphnia and transparency to UV (305, 320, and 380 nm) and PAR on 12 June and 29 June 2006. Between these two dates, Lake Giles and the surrounding region received a rare extreme rain event in which 20.3 cm fell in 10 d. On each date, we collected three replicates using a 5 liter SchindlerPatalas trap from 1, 3, 5, 7, 9, 11, 13, and 15 m. We enumerated the Daphnia population using the same methods described for the mesocosm experiment. We calculated the mean depth of Daphnia sampled from Lake Giles among replicates for 13 June 2006 and 29 June 2006. We used a one-tailed t-test based on the directional prediction that the mean depth of Daphnia would decrease in response to the pronounced decrease in transparency due to the heavy rainfall. From t-tests, t-values and p-values were reported.
Results
Mesocosms-Although we observed some fish mortality during the course of the mesocosm experiment, at least one fish was alive in every mesocosm when sampled. Stomach contents analysis revealed that the fish fed at low levels on Daphnia. On average, each bluegill had four recently consumed Daphnia in its stomach (range: 1-14).
UV and fish both had significant effects on the vertical distributions of Daphnia ( Fig. 1; Tables 1, 2) . The proportion of total Daphnia in the surface layer (0.5-2 m) was significantly lower in the presence of UV for treatments containing and lacking fish. In the presence of fish, significant increases in the proportion of the total Daphnia population in response to UV were observed only in the deepest layer, while in the absence of fish, UV increased the total Daphnia in the middle stratum ( Table 2 ). The fish, located in the middle layer, were significantly related to a decrease in the proportion of total Daphnia in that layer only in the presence of UV, with resulting significant increases in the proportion of Daphnia in both shallower and deeper layers (Table 2 ). For treatments lacking UV, the proportion of Daphnia in the deepest layer was significantly lower in the presence of fish ( Table 2) .
The proportion of adult Daphnia exhibited the same response to UV as did the proportion of total Daphnia with a significant decrease in the surface waters and a significant increase in either the deeper waters (in the presence of fish) or in the middle layer (in the absence of fish; Tables 1, 2 ). The proportion of adult Daphnia exhibited no significant decrease in response to fish in the middle layer in either the presence or absence of UV (Tables 1, 2 ). They showed a significant response to fish in the deepest layer where they increased in the absence of UV ( Table 2) .
The proportion of juvenile Daphnia also showed a significant avoidance of surface waters in response to UV in both the presence and absence of fish (Tables 1, 2) . The only other significant response was an increase in the proportion of the Daphnia in the middle layer in the absence of fish (Tables 1, 2) . No significant responses to fish were observed for the juveniles.
There was no significant main effect of UV ( (Fig. 2) .
Samples from Lake Giles-Light profiles collected before (12 June 2006) and after (29 June 2006) the extreme rain event show that UV and PAR transparency of Lake Giles dropped rapidly during this time (Table 3 ; Fig. 3 ). For example, the 1% depth of 380 nm UV, the wavelength closest to that to which Daphnia responds negatively (Storz and Paul 1998) , decreased from 6.0 m to 3.4 m, or 44% over this 17 d period. The mean daytime depth of the total Daphnia also exhibited significant changes over this time period (t 5 8.51, df 5 4, p , 0.001), with a mean depth of 11.0 m on 13 June 2006 and 8.7 m on 29 June, a 21% reduction in mean depth over this 17 d period (Fig. 4) . The adult Daphnia distribution was significantly shallower after the rain event (t 5 4.27, df 5 4, p 5 0.006); the average depth of adults decreased from 10.7 m to 9.1 m (difference of 1.6 m or about 15%). Juvenile Daphnia exhibited an even greater change in mean depth after the rain event, with the average depth of juveniles decreasing from 11.8 m to 7.6 m (difference of 4.2 m or 35%, t 5 3.64, df 5 4, p 5 0.011).
Discussion
The results of the mesocosm experiments presented here confirm and extend the results of previous smaller-scale land-based mesocosm experiments demonstrating that both fish and UV play an important role in structuring the vertical distribution of Daphnia within the water column Hylander et al. 2009 ). Similar to these previous experiments, we found UV to have stronger and more consistent effects on the vertical distribution of Daphnia than planktivorous fish. UV had a significant negative effect on Daphnia abundance in the surface layer both when fish were present and when fish were absent. In contrast, we observed significant avoidance of fish only when UV was present, and only for total Daphnia (when data for adults and juveniles were combined). These results imply that the predation avoidance hypothesis alone provides an incomplete understanding of the factors that regulate the vertical daytime distribution of Daphnia, and further highlight the need to integrate an understanding of the role of UV into the biotic paradigm that currently dominates DVM theory (Williamson et al. 2011) . Results here support a variety of previous experimental and comparative studies that point to the importance of surface UV avoidance behavior as a primary driver of the vertical distribution of Daphnia in more UVtransparent waters (Leech and Williamson 2001; Fischer et al. 2006; Hansson and Hylander 2009) .
Several studies have demonstrated that Daphnia respond to simultaneous threats from both predators and UV. For example, Daphnia can alter their levels of pigmentation in response to UV and risk of fish predation (Tollrian and Heibl 2004) . Daphnia are also sensitive to simultaneous pressures resulting from both UV and invertebrate predators and are able to adjust their vertical distribution quickly in response to changes in these pressures (Boeing et al. 2004) . The presence of both light and predatory fish can act synergistically to induce a deeper depth distribution in Daphnia. For example, fish kairomones increase both the number and swimming speed of Daphnia responding to a changing light field (van Gool and Ringelberg 1998) .
In spite of the strong similarities in the major responses of Daphnia to UV and fish in our experiments and those of Hansson and Hylander (2009) , there are some notable differences in the nature of the responses particularly with regard to size-specific depth distribution. Hanson and Hylander observed no interactive effects of fish and UV, while in our experiments a greater proportion of Daphnia were found in the deep layer when both UV and fish were present but not when either UV or fish was present alone (Table 2) . Our findings are consistent with prior studies demonstrating that Daphnia do not migrate out of surface waters without a light stimulus (Loose 1993) and that it is the UV portion of solar radiation that stimulates the negative phototaxis (Storz and Paul 1998; Leech and Williamson 2001) .
Another difference between our experiments and those of Hansson and Hylander (2009) is that they observed a greater abundance of smaller Daphnia in the surface waters in the presence of fish, whereas we observed a greater abundance of small Daphnia in the surface waters in the absence of UV but no response to the presence of fish (Tables 1, 2 ). In our comparative sampling in Lake Giles, juvenile (and adult) Daphnia were also more abundant in the surface waters following the major rain event that decreased water transparency to both UV and PAR. The differences between our experiments and those of Hansson and Hylander (2009) may be due to differences in the mesocosm design and location (our 15 m deep mesocosms done in situ vs. their 1 m deep ex situ columns), our incubation of the fish at an intermediate depth that allowed Daphnia to migrate up or down in response to fish, or differences in the species of fish and Daphnia used. Even genetic or phenotypic differences within a single species are also known to lead to different responses to UV and fish in Daphnia (De Meester 1993; Tollrian and Heibl 2004) .
One remaining issue that is yet to be resolved is whether juvenile Daphnia are more UV tolerant than adults as suggested by Hansson and Hylander (2009) or less UV tolerant as indicated in other experiments (Huebner et al. 2006) . Age-dependent mortality resulting from greater growth rates and high surface-area-to-volume ratios in juveniles have been shown to result in juveniles responding more strongly to UV in situ (Ramos-Jiliberto et al. 2004; Huebner et al. 2006) . Studies show that juvenile daphnids, copepods, and early Chaoborus instars are less tolerant to UV than adults (Leech and Williamson 2000) . However, the answer may lie in important phenotypic responses or genetic differences among Daphnia species.
We found no significant effect of fish in either the surface layer or the middle layer when UV was not present. This result could stem from our use of caged fish as fish feeding was minimal and fish movement in the mesocosms was very limited. However, previous studies suggest that the action of fish-induced DVM is through chemical kairomone cues (Ringelberg and van Gool 2003) . The length of time the caged fish were in the mesocosms was more than sufficient to elicit a strong response in previous studies as maximal change occurred within 13 h (De Meester 1993; De Meester and Cousyn 1997) . Further, previous experiments have demonstrated responses with caged fish, and our minimum fish density, about 1.8 fish m 23 , was sufficiently high to elicit a response in previous studies (Williamson et al. 2011) . For example, Leibold (1990) demonstrated that Lepomis macrochirus stimulated a fish avoidance response in Daphnia at 0.12 fish m 23 , an order of magnitude less than was used here. However, temperature profiles in Lake Giles show that the water column was stratified during sampling and chlorophyll profiles show a peak at 5 m, indicating limited mixing (Figs. 2, 3 ). This implies that advection of kairomones through the mesocosms may have been very low, potentially reducing or eliminating fish effects below the thermocline. The fact that responses were observed to the fish manipulations, though, confirms that the fish manipulation was adequate to elicit at least localized fish avoidance responses in the mesocosms. Our results show that while there was no difference in the number of total Daphnia sampled in each mesocosm, there were significantly fewer juvenile Daphnia sampled in UV+ mesocosms compared with UV2 mesocosms, whereas there were significantly more adult Daphnia sampled in the UV+ treatments. Our stocking procedure was designed to minimize differences in Daphnia abundance among treatments and replicates by releasing zooplankton gently below the surface of the water and stocking the same number of small aliquots to all treatments and replicates randomly. Therefore, we believe that these differences likely developed over the course of the 6 d incubation of the mesocosms. We noted that there were many Daphnia stuck to the surface of UV2 treatments and this was often visible within minutes after stocking but was also noted on several days thereafter. Once an individual's carapace made contact with the air-water interface, it could likely not separate itself. In a lab study of zooplankton migration in response to temperature, Gerritsen (1982) observed a similar adherence behavior in a range of Daphnia species with individuals of smaller species unable to remove themselves once stuck at the water's surface. Our results show that Daphnia were closer to the surface in UV2 treatments (Fig. 1) . Lacking a cue to avoid the surface, individuals in UV2 treatments may have become more easily trapped at the surface. Since we stocked with a 363 mm net, individuals caught at the air-water interface shortly after stocking would likely be adults; this would thereby reduce the number of adults in UV2 treatments. The consequent death of these large Daphnia may be responsible for the higher chlorophyll a concentration in UV2 treatments. Higher food resources and decreased competition with large Daphnia may have then facilitated the production and survival of greater numbers of juvenile Daphnia sampled in UV2 treatments. This suggests an alternative benefit to UV-induced surface avoidance separate from reduced UV damage or predation. Daphnia's ability to detect and avoid UV may have the benefit of reducing Daphnia abundance near the lake surface where they may perish after becoming trapped at the interface due to their hydrophobic exoskeletons. Such a downward response to UV rather than PAR would also enable
Daphnia to more finely regulate its position in the water column even in high-DOC, low-UV lakes, enabling them to derive the demographic advantage of staying in warmer waters but not so near the surface that they get caught in the surface film. The large change in vertical distribution of Daphnia in Lake Giles before and after the rare major summer storm event may be due to changes in dynamic and/or structural drivers (transparency regulator hypothesis; Williamson et al. 2011) . We saw an increase in epilimnetic temperatures (Fig. 3) , which could have contributed to the shallower post-storm distribution (Fig. 4) . Unfortunately, samples of chlorophyll a were not available to assess changes in food resources to test if the change in Daphnia vertical distribution followed changes in chlorophyll a distribution. Despite the possibility of changes in several drivers (including both UV and food resources), the observed change in Daphnia vertical distribution is consistent with mesocosm results and observed changes in UV transparency, especially given the similar magnitude of change in transparency and vertical distribution.
The magnitude of DVM in Daphnia has been shown to be related to Secchi transparency (Dodson 1990 ). Our observations of changes in the vertical distribution of Daphnia before and after a rare major summer rain event show a change in depth that is consistent with observed changes in lake transparency and this earlier study. Our mesocosm experiment highlights that UV transparency plays a key role in regulating the vertical position of Daphnia. This is consistent with laboratory evidence for negative phototaxis to UV and positive phototaxis to PAR (Storz and Paul 1998) and suggests that this vertical distribution response of Daphnia is related to UV transparency and not visible (or PAR) transparency. This is an important distinction because the ratio of diffuse attenuation coefficients between UV and PAR can vary substantially among lakes and seasonally within lakes with important ecological implications Rose et al. 2009a,b) . UV transparency is much more sensitive to changes in dissolved absorbance than is PAR (Rose et al. 2009a ). Hence, changes in concentration and quality of dissolved organic matter will alter the diffuse attenuation coefficient ratios and the UV : PAR ratio. DOC concentrations are changing in many regions of the northern hemisphere (Monteith et al. 2007 ). As a consequence, UV transparency and the vertical distribution of Daphnia may also be changing in many regions and thereby reorganizing aquatic ecosystem food web linkages (Williamson and Rose 2009) . By altering the depth distribution of Daphnia, these widely observed changes in DOC may alter the depth distribution and availability of fish food as well as grazing pressures on phytoplankton communities.
